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NQR ^^^La and ^''Cu spin-lattice relaxation rate (l/Ti) measurements in a Lai.94Sro.o6Cu04 single 
crystal are described. Slowing-down of Cu^^ spin fluctuations is evidenced through a dramatic increase 
of on cooling. While the onset of diamagnetism occurs at = 8 K, has a peak 

at Tg ~ 5 K, when the characteristic frequency of magnetic fluctuations reaches the NQR frequency 
~ 19 MHz. In agreement with a number of previous studies, these results show that the so-called 
"cluster spin-glass" phase persists in the superconducting regime. Issues concerning the coexistence of 
the two phases are discussed. 



A. Introduction 

Magnetic resonance techniques, nuclear quadrupole 
resonance (NQR), nuclear magnetic resonance (NMR) 
and muon spin resonance (/iSR), have been extensively 
used to establish the phase diagram of high temperature 
cuprate superconductors. Following early identifications 
of gross features , these probes have rapidly revealed 
puzzling magnetic phenomena in La2-a;Sra;Cu04, at low 
hole doping 

- There is a magnetic freezing at low temperature in 
the 3D ordered AF phase Q<x< 0.02 AU Cv?-+ 
moments become frozen below a freezing temperature 
Tf <C Tjv which is proportional to the concentration x 
of doped holes. 

- With increasing doping 0.02 < x < 0.05, the Neel 
AF phase is replaced by a spin-glass phase at Tg oc i 
[0-^. However, it can be inferred from the muon pre- 
cession signal below Tg ^,R,|l3 , from neutron scattering 
data and from the^^' 



^La NQR spin-lattice relax- 
ation rate (l/Ti) above Tg iQ, that this phase still re- 
tains strong AF correlations limited by finite-size effects. 
Thus, the frozen state was thought not to be a usual spin- 
glass ||l^ , but a " cluster spin-glass" , i. e. frozen clusters 
of locally staggered magnetization, and random orienta- 
tions of their quantization axis 0,^. Strong support 
to this picture was recently provided by NMR measure- 
ments in Lai.g4Sro.o6Cu04 

- Spin-freezing has been (rather often) observed in su- 
perconducting compounds with typically 0.05 < a; < 0.10 
|p7|-p2|. However, the claim of microscopically coexisting 
superconducting and magnetic orders [|l^,^ has been re- 
peatedly criticized and attributed to sample inhomogene- 
ity |23-p3]. Recently, an important result was reported 
by Niedermayer et ai: not only the persistence of the 



spin-glass phase in the superconducting regime was con- 
firmed in La2-£!;Sra;Cu04, but the same phase diagram 
was also shown to hold for Yi_a;Caa;Ba2Cu306 (see 
also [Q). Although inhomogeneity in the Ca or Sr con- 
centration is unavoidable to some extent, the results of 
Niedermayer et al. ||l^ indicate that this is unlikely to 
explain the occurrence of magnetic freezing far inside the 
superconducting phase, in a similar way for both systems. 

These magnetic phases are not yet fully characterized 
and their origin thus remains controversial. Given the 
experimental evidence in favor of an unconventional [d- 
wave) superconductivity in the cuprates |27|, and its 
plausible connection with AF correlations |2^-|30| , un- 
derstanding these freezing phenomena appears obviously 
crucial. These are relatively low temperature phases oc- 
curring at low doping, but they appear in close contact 
to superconductivity in the phase diagram. 



B. Experiment 

Lai.94Sro.o6Cu04 is at the verge of the (underdoped) 
superconducting phase, thus close to the cluster spin- 
glass phase. Here, we describe NQR spin-lattice relax- 
ation (1/Ti) measurements of ^^^La and ^'^Cu nuclei in 
a.n X — 0.06 single crystal ||3|]. Magnetization measure- 
ments have shown a superconducting transition with an 
onset at Tc = 8 K. A comprehensive report of our NMR 
and NQR results in this compound can be found in Ref. 
JlGf . Here, we review the NQR relaxation results and 
discuss them in more details. 

When a nucleus of gyromagnetic ratio 7 is sensitive to 
magnetic fluctuations through the hyperfine interaction 
A{q), 1/Ti can be expressed as: 
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FIG. 1. (a) ^■'Cu 1/Ti; this study (squares, right scale) and from ref. [gij (crosses, right scale), and ^"^^La 1/Ti (dots, left 
scale). The peak in (^^^Ti)"^ defines the spin-freezing temperature Tg ~ 5 K at the NQR time scale ~ 10~* s. (b) Same data 
as in (a), in the same vertical scale, but with a linear horizontal scale, (c) ®^Cu l/Ti data -symbols are the same as in (a,b). 
The line is the function /(T) = 3700/r. 



Ti 



(ffaMB) 



(1) 



In most cases (in the absence of a gap), this can be 
rewritten as: 



— = /cbT 7 > — 2 

,^1:h (5-^1^) r(g) 



where T{q) is the characteristic energy of spin fluctu- 
ations at wavevector q. When magnetic fluctuations 
slow down (T(q) decreases) and provided their amplitude 
x'{q,(^ — 0) is not much reduced (in general, x'(q,ijj = 0) 
rather increases) then l/Ti increases. This will be the 
main effect reported here. 



C. '^^Cu NQR results 

The ^'^Cu nuclear spin-lattice relaxation rate 
was measured at the center of the NQR spectrum with 
full width at half maximum ~ 2 MHz. The recovery of 
the magnetization after a sequence of saturating pulses 
could be fitted by a single exponential over at least one 
decade at all temperatures. The T-dependence of 1 /^^Ti 
is shown in Fig. l(a,b), along with data from Fujiyama 
et al. . Both sets of data agree very well in the range 
r=100-300 K. As can be seen in the data of Fujiyama 
et al., increases with decreasing T from 700 K to 

250 K. 

This behaviour resembles other data at lower dop- 
ing js^,^^, where the increase of 1/Ti with decreasing 
T is ascribed to the increase of two-dimensional mag- 
netic correlations. This regime is called the "renor- 
malized classical regime" [Q. As a matter of fact, 
spin correlations in this intermediate T-range evolve 



very smoothly from the undoped insulator La2Cu04 to 
"metallic" La2_a;Sra;Cu04 with x^O.OG. Actually, we 
have pointed out elsewhere that a close inspection of 
data in Ref. suggests that the highest concentration 
at which the renormalizcd classical regime is observed is 
close to X = 0.125 = |, where charge-stripes are best de- 
fined . This is compatible with the idea of a magnetic 
quantum critical point at other experiments 

also suggest Note that our observation relies on 

the work of Fujiyama et al. because it is the most com- 
prehensive dataset at low doping reported to date 
but there is no contradiction with other ^^Ti data in the 
literature (in particular |]3^ ). 

Below 250 K, flattens and finally decreases be- 

low ~150 K. The T-dependence below 200 K could how- 
ever not be accurately determined since the Cu NMR 
signal becomes too small for reliable measurements (see 
section |h|). Note that the decrease of ^Sj^-i should not 
be attributed to the presence of a spin-gap. A clear sign 
of a (pseudo-) gap would require at least a decrease of 
(63TiT)-i [oc x"(Qaf)] with T ||. As seen on Fig. 
1(c), this is not the case here. (^^TiT)^^ obeyes a Curie, 
or Curie- Weiss, law. 



D. ^^'''La NQR results 

At low temperatures, ^^^La NQR can ideally substi- 
tute ^^Cu measurements. Although La lies outside Cu02 
planes, it is coupled to Cu^+ spins through a hyperfine 
interaction, whose magnitude is small compared to that 
on ^^Cu nuclei. This leads to much longer values of ^■^^Ti 
and 139^2. 

^'^'^Ti was measured by the saturation-recovery 
method. Since the form of the time dependence of the 
^^^La magnetization was found to be T-dependent, the 
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i397i values reported here are defined as the time at 
which the magnetization has decreased by a factor 1/e 
from its equilibrium value; the overall T-dependence of 
^^^Ti is not affected by the criterion chosen. By compar- 
ing the recovery law of the ^"^^La magnetization after sat- 
uration of the 2i^Q transition with that measured on the 
St'Q transition, it was found that the spin-lattice relax- 
ation is due to both magnetic and electric field gradient 
fluctuations around 100 K. However, below ~75 K, 1/Ti 
increases progressively on cooling and becomes entirely 
of magnetic origin. 

As seen in Fig. 1, (^^^Ti)^^ increases by almost three 
orders of magnitude with a peak around Tg ~ 5 K. 
This behaviour is typical of a slowing down of spin- 
fluctuations: 1/Ti reaches a maximum when the fre- 
quency of these fluctuations equals the nuclear resonance 
frequency, here vq ~ 19 MHz (or equivalently a correla- 
tion time r ~ 10~^ s). A spread of fluctuations frequen- 
cies is signaled by the distribution of Ti values developing 
below ~ 50 K (the time decay of the nuclear magnetiza- 
tion becomes a stretched exponential). 

In summary, below ~ 5 K, in the superconducting state 
of Lai.94Sro.o6Cu04, Cu^"*" spins are frozen at the NQR 
time scale of 10~* s, and thus can be considered as static. 
Given the continuous slowing-down characteristic of glass 
transitions, a faster probe like neutron scattering should 
detect an elastic component appearing at higher tem- 
perature. 

E. Comments on the coexistence of the 
superconducting and cluster spin-glass phases 

When one deals with the coexistence of two phases in 
the vicinity of their respective boundaries, it is natural 
to suspect that the sample simply contains both phases, 
well-separated in space. The most trivial way to obtain 
two distinct electronic phases is through a highly non- 
uniform distribution of Sr dopants. Such hypothesis can 
however be ruled out: 

The first observation is that wc find no sign of a second 
set of ^^^La nuclei with longer and thermally activated re- 
laxation times (such as usually observed in the supercon- 
ducting state). Thus, we can exclude the presence of two 
different macroscopic phases of comparable sizes. In fact, 
the vast majority of Cu spins, if not all, becomes frozen. 
This does not mean that all ^'^Cu sites have the same 
Ti, but that their T-dependence is similar. This feature 
is in agreement with the fact that essentially all muons 
experience a static magnetic field below Tg p7| , p^ , p^ . 

Furthermore, our crystal has average properties which 
are well-defined and are consistent with other measure- 
ments: (i) The freezing temperature Tg ~ 5 K is in agree- 
ment with the NQR ||^ and /iSR phase diagrams [ p^ , 
carefully established in La2-xSr2;Cu04 powder samples 
(the characteristic times of NQR and /xSR are similar), 
(ii) A quantitative analysis of the T-dependence of Ti 



above Tg |39[|, gives values of the characteristic parame- 
ters in agreement with those extracted by Cho et al. . 
(iii) As discussed in the ^^Cu Ti values and NQR 
spectra agree very well with previously published data. 

Thus, the magnetic properties of this sample are char- 
acteristic of a single x — 0.06 phase. From this and previ- 
ous experiments p0| , p^ , p^ , p0|j2^ , it is clear that the spin- 
freezing is a robust bulk feature of La2_xSra;Cu04 with 
X < 0.10. 

One may still argue that superconductivity, on the 
other hand, is associated with tiny regions having some- 
what higher hole concentration. As to our sample, a 
clear diamagnetic response is seen in both field cooling 
and zero-field cooling magnetization measurements, be- 
low T""^^"^^ = 8 K, a value in agreement with the 6% 
doping level. However, it is known that no reliable num- 
ber for the Meissner fraction or the fiux expulsion can 
be extracted from such measurements in a sin gle cry stal 
and in a field of 10 Oe (see the discussion in |{40| , [ll| for 
instance). 

In any event, it is well-known that the superconduct- 
ing properties of La2-xSr2:Cu04 samples with 0.05 < 
X < 0.08 are always rather poor There is 

in fact an obvious reason for this: The superfiuid density 
Ps is determined by x the concentration of doped holes 
|l9| . Unavoidable spatial variations of doping in these 
non-stochiometric materials thus have a strong influence 
at the border of the superconducting phase where ps is 
small. A closely related remark is that the coexistence 
is facilitated by the fact that it involves, in hole-doped 
cuprates, two different electronic entities: localized Cu^"*" 
spins from which antiferromagnetism arise and doped 
holes in 02p orbitals that are the actual actors of su- 
perconductivity (in the sense that ps cc x). 

Even if it remains unclear how homogeneous these su- 
perconductors are {i.e. on which scale the coexistence oc- 
curs), trivial inhomogeneities remain unable to explain 
the occurrence of spin-freezing up to at least x ~ 0.10 
|lo| , ^ , where superconducting properties are enhanced. 
The coexistence has to be intrinsic and to occur on a rel- 
atively small lengthscale. Furthermore as already argued 
p8[ , the continuous doping dependence of both magnetic 
and superconducting parameters (Tg, staggered magne- 
tization, Tc) witnesses in favor of a microscopic phase 
coexistence. 

In conclusion, the coexistence of static magnetism with 
superconductivity appears to be a reproducible, intrinsic 
property of low doped La2-KSr^Cu04 (0.05 < a; < 0.10). 
In this part of the phase diagram, both orders have oppo- 
site doping dependence suggesting, but not proving, that 
they compete with each other. 



F. Comment on the ''^Cu NQR signal 

It may be seen on Fig 1. that 1/^^Ti and 1/"9Ti 
data do not show the same temperature dependence in 
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the range 50 K< T < 100 K. The spin-freezing (namely, 
the increase of 1/Ti with decreasing T) is, unexpectedly, 
not apparent in ^^Ti data. In the light of ^^^La Ti re- 
sults, this is in fact not so surprising: such slow spin 
fluctuations imply very high values of 1 /Ti and 1 /T2 on 
®^Cu nuclei, for which the hyperfine coupling to Cu^+ 
spins {A in equations 1 and 2) is much stronger than for 
^^^La nuclei. Thus, the recovery towards equilibrium of 
the magnetization for most ^^Cu nuclei is probably too 
fast to be observed experimentally. Are only observed 
those Cu sites that are not yet affected by the slowing- 
down. Actually, the disappearance of the ^'^Cu NQR 
signal for a: < I in La2_i:Sr^Cu04 was studied very 
carefully by Hunt et al. They have shown that the 
NQR signal disappears because of the combined effects 
of short ^^Cu relaxation times and, more importantly, of 
quasi-static charge fluctuations that wipe out the NQR 
spectrum. Furthermore, by analogy with similar results 
in Nd-doped La2_2;Sr3.Cu04, Hunt et al. could attribute 
this wipeout effect to charge-stripe ordering |^^. Their 
discovery also explains the loss of NQR/NMR intensity 
in Lai.g4Sro.o6Cu04, or at least part of it: It remains to 
be seen in our sample how much of the missing signal is 
due to charge fluctuations, i.e. true wipeout, or to slow 
magnetic fluctuations, i.e. too fast nuclear relaxation (the 
work of Hunt et al. suggests that stripe fluctuations van- 
ish in non-superconducting compositions [^6|). The miss- 
ing signal also rationalizes why spin-freezing phenomena 
have been missed in some former ^'^Cu NMR/NQR mea- 
surements. 



G. The charge freezing context 



It had already been noticed [Q,^ 16 4^ that the mag- 
netic slowing-down occurs in the temperature and doping 
range where in-plane charge transport shows insulating 
tendencies, either in zero external magnetic field or un- 
der fields suppressing the effects of the superconducting 
transition |Q (for 0.04 < a; < 0.08, the in-plane resis- 
tivity pab typically increases below 50-100 K depending 
somewhat on disorder j47-49|). Here the freezing process 
is noticeable below ~ 75 K, but a precise assignment of 
the temperature at which starts to increase is not 

possible since there is just a smooth crossover. Moreover, 
l/^^^Ti contains a significant background of quadrupo- 
lar relaxation which masks the crossover, so it may well 
occur at somewhat higher T. Still, the spin-glass tran- 
sition Tg and the temperature marking the minimum of 
Pab have a rather similar doping dependence, thereby em- 
phasizing the link between spin-freezing and charge local- 
ization (note that "localization" is used here in the loose 
sense of a non- metallic T-dependence of pab)- In Ref. , 
a scenario of charge segregation was proposed, with the 
motion of the charged domain walls inhibiting the collec- 
tive freezing of AF clusters. Not inconsistent with these 
views, the results of Hunt et al. (Tchargc order — 90 K for 



Lai.93Sro.o7Cu04 ||3q|) now reveal that the insulatinglike 
state should consist of quasi-static, still slowly fluctuat- 
ing, charge objects (for 0.06 < x < 0.12). 

It is interesting to note that there is no detectable en- 
hancement of the spin-lattice relaxation on approaching 
the charge ordering. The amplitude of electric field gra- 
dient fluctuations is presumably too small to produce 
sizable quadrupolar relaxation. The absence of a mag- 
netic relaxation peak at the charge ordering suggests that 
low-energy magnetic excitations are not much related to 
charge motion at this temperatures pOt]. 



H. Outlook 

The coexistence of static magnetism (the cluster 
spin-glass) with superconductivity can obviously not be 
proved from one set of measurements in a single sample. 
Nevertheless, we have enumerated a number of similar 
and concordant results, giving credence to the fact that 
this coexistence is intrinsic to the low doping side of the 
superconducting phase. 

In the bulk of this paper, we have intentionally re- 
stricted the discussion to superconducting compositions 
below X = 0.10. The reason is that, from x ~ 0.05 up to 
X ~ 0.10, the most natural reference is the cluster spin- 
glass phase known at lower doping (0.02 < x < 0.05). In 
order to keep a sharp focus, we thus chose not to refer to 
magnetic freezing phenomena observed close to the com- 
position X — 0.12, in rare-earth doped La2-a;Sr2:Cu04, or 
in La2-a;Baa;Cu04, which are more evidently dominated 
by charge-stripe ordering. However, the magnetic freez- 
ing in, e.g. Lai.94Sro.o6Cu04 has an obvious connection 
to this physics, which can no longer be ignored (See Refs. 
p6| , p6 54 ,5^]). The physics of charge segregation provides 
a natura way to understand and unify a number of fea- 
tures, especially the existence of frozen antiferromagnctic 
regions at doping levels as high as those corresponding to 
superconductivity. Eventually, the experience with Nd- 
doped La2-a;Sr2;Cu04 with x ~ i makes clear that the 
coexistence of magnetic and superconducting orders is 
possible in hole-doped cuprates |41|J5£ 



Since we tentatively adopted the stripe-glass picture of 
Emery and Kivelson for x — 0.06 |l^, one might thus 
find more appropriate to describe our findings first with 
respect to the x ~ 0.12 point, i.e. to well-defined stripes, 
rather than to the low doping side where localization and 
Sr disorder effects might dominate ||l5|. In reality, a lot 
remains to be done at the experimental level to better 
characterize the size and the topology of the magnetic 
and superconducting components across the whole phase 
diagram js^, as well as the associated charge and spin 
dynamics. This should obviously help understanding su- 
perconductivity at a more microscopic level. 
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